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Abstract. The warm absorber observed in the Seyfert 1 galaxy MCG~6-30-15 is known to consist of at least two zones and 
very likely contains dust. Hubble Space Telescope images of MCG-6-30-15 show a dust lane crossing the galaxy just below the 
nucleus. In this paper, we argue that this dust lane is responsible for the observed reddening of the nuclear emission and the Fe i 
edge hinted at in the Chandra spectrum of MCG-6-30-15. We further suggest that the gas within the dust lane can comprise 
much of the low ionization component (i.e., the one contributing the O vii edge) of the observed warm absorber Moreover, 
placing the warm absorbing material at such distances (hundreds of pc) can account for the small outflow velocities of the low 
ionization absorption lines as well as the constancy of the O vn edge. Photoionization models of a dusty interstellar gas cloud 
(with a column appropriate for the reddening toward MCG-6-30-15) using a toy Seyfert 1 spectral energy distribution show that 
it is possible to obtain a significant O vii edge (t ~ 0.2) if the material is ~ 150 pc from the ionizing source. For MCG-6-30-15, 
such a distance is consistent with the observed dust lane. We emphasize the point first made by Kraemer et al.: dusty interstellar 
material will likely contribute to the warm absorber, and should be included in spectral modeling. 

The current data on MCG-6-30-15 is unable to constrain the dust composition within the warm absorber. Astronomical silicate 
is a viable candidate, but there are indications of a very low O abundance in the dust, which is inconsistent with a silicate origin. 
If true, this may indicate that there were repeated cycles of grain destruction and growth from shocks in the interstellar medium 
of MCG-6-30-15. Pure iron grains are an unlikely dust constituent due to the limit on their abundance in the Galaxy, yet they 
cannot be ruled out. The high column densities inferred from the highly ionized zone of the warm absorber implies that this gas 
is dust-free. 
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• ^ 1. Introduction 

X 

■ So ft X-ray absorption by photoi onized gas was first used 
."^ ! by iHalpernl ( il984) and |Pan et alJ (IT990I) to explain the un- 
usual spectrum of the quasar MR 2251-178. This "warm ab- 
sorber" was characterized by ROSAT spectra of Seyfert Is 
whic h showed abs orption edges due to O vi i and O viii 
jNan dra & Poun d^ Il992t iNandra et all 1 19931 iFiore et all 
ll993HTurner et alTTigm Warm absorber studies matured with 
the launch of the more sensitive ASCA obser vatory, which 
allowed more detailed spectral modeling (e. g.. iFabian et all 



ll994tlGeorge et allll995[fRevnolds & Fabianl fl995'). Analysis 
of a large sample of Seyfert Is observed by ASCA showed 
that approximately 50% exhibit absorption f eatures from pho- 
toionized gas in t heir soft X-ray spectra (Reynolds, 1997; 
iGeorge et allll998») . Currently, the study of the warm absorber 
is being revolutionized with observations from the dispersion 
gratings onboard Chandra and XMM-Newton which have been 
able to resolve individual absorption lines from a myriad of 



metals and charge states in the warm gas (e.g.,'Kaastra et al.', 
I2OOO; Kaspj etal. 2001: Collinge et al., 2001; Lee et al., 200 L 
Kasp i eTalT 20021) . Photoionization modeling has then shown 
that, in many cases, more than one ionization parameter^ is 
needed to describe the observed spectr i im (e. g. Morales et all 
l200(i iKaspj et alll200ll: iKaastra et alll2002h . Also, the posi- 
tions of the lines point toward outflow velocities on the order 
of a few hundred to a few thousand km s '. Thus, this warm 
absor bing gas seems to be in the for m of an outflowing wind 
(cf.. lBottorff et alll200(irElvi sl'2000'). However, there remains 
a major uncertainty in the location of the gas, with many mod- 
els considering the broad-Une region (e. g . . iRevnolds & Fabiail 
ll995H Netzer'.'l996^.'George et al..'l998') or the putative obscur- 
ing torus (e.g., Krolik & Kriss. .1995. ,2001) as the most likely 
origin for the warm absorber. 

A possible constraint on the location of at least some 
of this warm gas may be provided if it contains any 
dust, which sublimates at the radius of the broad-line re- 
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' There are some objects which can still be model ed adequately 
with only one ionization parameter, e.g., Mrk 509 jYaaoob et all 
l2003h. 
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gion jBarvainisL Il987l) for a typical active galactic nucleus 
(AGN). Dusty warm absorbers (hereafter, DW A) were first 
considered for the quasar IRAS 13 349+2438 jBrandt et all 
ll996HSiebertT Kornossa&_BrinkmaM ilj99j) and the Seyfert 1 
galaxy MCG-6-30-15 dRevnolds et al Lll997h . In both of these 
AGN, the column of neutral H inferred from the reddening 
is significantly larger than that inferred from the neutral ab- 
sorption in the soft X-ray band, but is of the same order 
as the column of ionized ga s inferred from the warm ab- 
sorber dRevnolds et all Il997l) . This suggests that the dust is 
similar to Galactic dust and resides within the warm ion- 
ized gas, and may significantly affe ct the observed soft X- 
ray spectrum feomoss a & FinkI ( Il997i) and references therein; 
iKom ossa & Bade 1998). Spectroscopic evi dence for dust in X- 
ray warm absorbers has now been found bv lLee et alJ ( l200ll) in 
the Chandra gratings observation of MCG-6-30-15 (this seems 
to have been confirme d by the very recent XMM-Newton data 
of lTurner etal]l2003h . This high resolution spectrum exhib- 
ited a sharp drop^ at ~0.7 keV consistent with the L3 absorp- 
tion edge from neutral Fe. A similar feature was also found 
in a Chandra spectrum of the Galactic X-ray binary Cyg X-1 
jSchulz et al.l. .2002) . The column implied by the depth of the 
Fe edge in MCG-6-30- 1 5 is of the right order to explain the ob- 
serve d reddening {Ay ~ Ty ~ 3E(B- V) - 1.8: Rey nolds et alJ 
Il997l) . assuming Galactic-type dust located within the warm 
absorber. 

Ra ther than place the DW A near th e central engine of the 
AGN , iKraemer et alJ ll2000h (see also ICrenshaw & Kraemeil 
l200lh argued for the existence of a "lukewarm absorber" out- 
side the narrow-line region. This gas would have sufficient col- 
umn to explain the observed reddening, and has been ionized 
to the point where hydrogen is fully stripped, but the metals 
would only be moderately ionized and would exhibit strong 
UV absorption lines rather than O vii or O vm edges. Thus, 
this model requires an inner war m absorber to accou nt for 
the highly ionized oxygen features ( lKraemeretall l2000). The 
lukewa rm absorber ha s been shown to be consistent with the 
X-ray jKraemeretaLL boOO) and UV jCrenshaw et a l.[ l200ll) 
data of NGC 3227, as well as the UV spectrum of Ark 564 
dCrenshawet alll2002h . 

In the case of MCG-6-30-15 (z = 0.008, La-iokev ~ 
10^3 erg s ^ ; see Table ^ for a summary of the absorbing 
columns), it was clear from early ASCA variability studies 
that a multi-zone wa r m abs orber was needed (e.g., Otani et al., 
Il996t [Morales et all l2000l) . In particular, the O vm edge was 
found to anticorrelate with the source luminosity while the 
O VII edge see med to remain constant (Otani etal., 1996; 
lOrr et al.ril997i) . The Chandra observations found a strong 
O VII edge (tovh ~ 0.7) and a series of O vii absorption lines 
within 200 km s ~' of the systemic velocity of MCG-6-30-15 
jLee et alll200ll) . An updated analysis presented bv lLee et al] 



^ An alternative explanation for this drop (based on XMM-Newton 
data) is that i t is the blue edge of a relativistically broadene d 
O vm Lya Une <Branduardi-Ravmont e7aD .'200lMSako et all l2003h . 
Howe ver, this interpre tation has been challenged from both observa- 
tional iLee et alll200ll) and theoretical I'Sallan tvne et al 11200 j) points 
of view. 



Table 1. A summary of the absorbing columns to ward M CG- 
6-30-15. Reference 1 ^felvis, Wilkes & Loc kman| ( ll989l) . 2 = 
iRevnolds et aillll997l) . 3 = lT.ee et al.l(l2002h . 

Type A'h (cm^^) Derived from Origin Ref. 

Cold 4.06 X 10™ soft X-ray cutoff Galaxy F 

?? 4 X 10^' reddening intrinsic 2 

Warm ~ 10"'' soft X-ray edges and lines intrinsic 3 




li 

Fig. 1. Hubble Space Telescope image of MCG-6-30-15 
(^aUcan et al., 1998). A dust lane is apparent crossing the 
southern part of the galactic disk. 

(200^ showed that many of the other low-ionization absorp- 
tion lines also have very small outflow velocities. These data 
point to a distribution (in space/velocity) of ionized absorbers, 
consistent with the earlier AS'CA results. 

A Hubble Space Telescope (HST) image of MCG-6-30- 
15 shows a distinct dust lane t hat cuts across the southern 
part of flie galactic disk (Fig. [T] iMalkan etalJll998t see also 
Ferru it et al IlloooV This material is likely intrinsic to the 
galax y and not a foreground effect such as Galactic cirrus (e.g., 
M81: lAbolins & Ricdll987l). Th erefore, in Sect. El we follow 
the ideas of'Kraemeret ak'teOOO"), but argue that at least part of 
the low ionization warm absorber and all of the observed red- 
dening in MCG-6-30-15 originates within this dust lane. It is 
not our intention to construct a detailed spectral model of the 
DWA in MCG-6-30-15; rather we use this system as an exam- 
ple of how material in the dusty interstellar medium (ISM) of 
the host galaxy can have a significant observational impact on 
the study of absorption in AGN spectra. 

The composition of the dust in flie MCG-6-30-15 DWA 
is also a puzzle. For Cyg X-1, where the high signal-to- noise 
allowed a comparison to laboratory data, .Schulz et al.. 
claimed that pure metallic Fe was the best fit to the edge struc- 
ture. This is surprising, since the expected microwave emission 
(at X 90 GHz) frorn such g r ains is not observ ed in the Galaxy 
(braine & Lazarianl 119991) . iLee et alJ (1200 ll) argued that the 
Cyg X-1 iron edge was similar to the one observed in MCG-6- 
30-15, and thus pure iron grains may be present in the DWA. In 
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Sect. 13 we discuss the constraints on a pure iron component in 
astronomical dust, and consider if it is a plausible composition 
for the dust in the MCG-6-30-15 DWA. 

2. The Location of the DWA 

The dust lane seen in Fig. [^passes just south of the nucleus, 
so, j udging from the Galactic distribution ( Dickey & Lockmanl 
Il990 ). our line of sight likely passes through a column of a 
few times 10^' cm"^. This is of the same order as that needed 
to provide the observed reddening in MCG-6 -30-15 assum- 
ing G alactic-type grains (A^h ~ 4 x 10^' cm~^: Re ynolds et"al] 
Il997 ). Further evidence for a low density origin of th e DWA 
is the recombination timescale argument of lOtani et alJ (0996). 
They noted that the constancy of the O vii edge in the long 1994 
ASCA observation of MCG-6-30-15 imphes nn < 2 x 10^ cm"^ 
in the outer absorber. ISM gas with a fixed hydrogen number 
density of nn = 10 cm"^ will be used as the canonical absorber 
for the remainder of the paper. 

A simple photoionization argument can be made to con- 
strain the distance of the O vii absorber We define the follow- 
ing ionization parameter 



(1) 



where L> is the AGN luminosity beyond the Lyman edge, 
hh is the total hydrogen number density, and (hv) is an aver- 
age ionizing photon energy. Photoionization equilibrium gives 
- nH»/«H - (Q'H(r)/aHc)t/jj', where nip is the number den- 
sity of neutral H, au is the recombination coefficient of H at 
temperature T and au is the photoionization cross-section for 
H. This expression is valid only when ^ « 1 . Generalizing for 
a hydrogenic ion of an element with atomic number Z gives 



anc 



4+2/3 



= (1.4x 10"'')f/H Z' 



(2) 



where we have assumed Ly cc v ^ for the ion izing luminosity 
(j6 ~ 1 .6 for radio-quiet quasars; iTelfer et alj Eo02). and used 
an = 6 X 1 0'"^ cm^ and q'h(20,000 K)=2.5x10-i^ cm^ s^^ 
llOsterbrockl[l989 ). With a typical Seyfert 1 Lyman luminos- 
ity of L> = 10^"* erg s"', and assuming (hv) = 45 eV, the 
ionization parameter of a ne - 10 cm"^ cloud at 1 kpc is 
0.04. Equation El then gives ~ 10"^ and ~ 100, im- 
plying that although hydrogen is still entirely ionized at this 
distance, oxygen has started to recombine. If we now con- 
sider gas only 10 pc from the AGN, the values of ^ will drop 
by 10"*, and O is predominantly fully-stripped. Therefore, the 
O VII absorber must lie between 10 and 1000 pc. This cal- 
culation assumes photoionization equilibrium and is therefore 
vahd only on timescales longer than the recombination time, 
tree ~ ^IneO-aiT) ~ 10"* years, where n^. is the free electron den- 
sity. The radial range derived above will be reasonable as long 
as the luminosity of the central engine did not change by fac- 
tors greater than ~ 10 over free- To more accurately determine 
the properties of an ISM warm absorber, numerical photoion- 
ization models must be empl oyed. 

We used Cloudy 96Beta4 ('Ferland','2002') to predict the ion- 
ization structure of a mh = 10 cm"^ cloud of ISM gas at various 



distances from an AGN. The neutral hydrogen column density 
was fixed at A^h = 4 x 10^' cm"^, which, for a Galactic gas- 
to-dust ratio, is the minimum needed to provide the reddenin 
toward MCG-6-30-15 (A^h = 4-7x10^' cm^^. Reynolds et 
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The dust (silicate plus graphite) and gas-pha se metal 
abundances were fixed at the ISM values described by'Fer lan'di 
L2002) . The cloud was illuminated with a "standard" AGN con- 
tinuum (see pg. 34 in Ferland 200^ with aox = - 1 .4 and a X- 
ray power-law photon-index F = 2. The "big blue bump" was 
characteriz ed by a tempera ture of 1.4 x 10^ K (the maximum 
Ishakura & Sunvaevl ( 1 19731) accretion disc temperature for a 
10^ Mq black hole accreting at 0.1 of its Eddington rate) and 
a UV slope of a(UV) - -0.5. This spectral energy distribution 
(SED) is not intended to be a realistic model of the MCG-6-30- 
15 continuum (which is unknown because of the large redden- 
ing), but rather representative of a generic AGN. The normal- 
ization of the SED was set by defining the 2- 10 keV luminosit y 
to be lO"*"* erg s"', typical of many Seyfert Is ( lReynoldsllT997i) . 

Models were calculated with the inner edge of the gas 
cloud at various distances r from the continuum source, and 
the computed O vii column density was compared with the re- 
sult from the Ch andra observatio n of MCG-6-30-15, A^ovii ~ 
2.5 X 10 cm jLee et allEool . The maximum O vii column 
found in the Cloudy runs was 6.1 x 10'^ cm"^ for a cloud dis- 
tance of 150-175 pc. Models with the gas closer in were too 
ionized, and if the cloud was further out, it was not ionized 
enough. Of course, lowering the density by a factor / would 
allow a distance ^ff larger However, if the distance exceeds 
^200-250 pc, then, even with «h = 10 cm"^, the physical 
length of the column exceeds the distance to the AGN. A sim- 
ilar calculation with a power-law SED of energy index -1.17 
between 0.013 and 100 keV resulted in A^ovii = 6.2x10'^ cm"^ 
at r = 150 pc. While these models cannot account for the entire 
O VII column in MCG-6-30-15 (it is likely that some fraction of 
the O VII edge originates within the inner warm absorber), we 
have shown that this dusty ISM cloud will have an detectable 
impact on the observed spectrum (see also Komossa & Bad j 
11998). 

To illustrate the extent of this impact, the incident and trans- 
mitted continua for the AGN models with r - 100, 175, and 
250 pc are shown in Fig. |2l These runs have Uh - 3.7, 1.2 
and 0.6, respectively. The transmitted spectra show significant 
warm absorption in the soft X-ray band with strong edges at 
0.28, 0.53 and 0.74 keV. These first two are due to C i and 
O I in the grains (we include both graphite and silicate dust), 
while the latter is the O vii edge. Of the three models shown 
here, the depth of the O vii edge is greatest when r = 175 pc, 
with Tovii = 0.15. The Fe i edge from the dust is noticeable 
as a small notch jus t redw ard of the O vii edge, as was ob- 
served by iLee et alJ (1200 ll) . The majority of the opacity be- 
low 0.3 keV is due to absorption by He n, as was found in 
the lukewarm absorber of Kr aemer et alJ I2OOQ) . Therefore, 
such absorption will need to be included in absorption mod- 
els for sources such as MCG-6-30-15 where distant material is 
contributing to the warm absorber. Ind eed, in their multi-z one 
DWA fit to the new XMM -Newton data JTumer et alJ ( l2003l) re- 
quire a low-ionization component to account for additional soft 
X-ray absorption that is inconsistent with cold absorption. It is 
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Energy (keV) 

Fig. 2. The results of photoionization models of a DWA shown 
over the X-ray band. Constant density («h = 10 cm"'') gas 
with A^H = 4 X 10^' cm"^ was illuminated by a toy AGN SED 
(shown with the dashed line), and the transmitted spectrum is 
shown with the solid line. Typical interstellar dust was included 
at Galactic abundances. The positions of the most prominent 
photoelectric absorption edges are indicated in the lower panel. 
The gas was placed at different distances r from the AGN. The 
greatest column of O vii (A^ovii = 6 x lO'^cm"^) was found 
when r =150-175 pc. 



quite likely that this excess attenuation is caused by He ii ab- 
sorption. 

The fact that there is a significant column of He ii (5.9 x 
10'^ cm"^) in the models shows that the gas is very close to 
recombining to a more neutral configuration. This is in large 
part due to the presence of dust which, for a Galactic size dis- 
tribution, dominates the continuum opacity in the extreme UV 
(EUV) and soft X-ray bands (see Fig.|3Jl. Indeed, our Cloudy 
models show that neutral oxygen begins to be present in the gas 
when r = 175 pc. Thus, our results seem to be fine-tuned in the 
sense that the greatest O vii column is found when the gas is on 
the verge of recombining. This argues that it may be difficult, 
in general, for ISM gas to contribute to the warm absorber. 

In this section we have argued that ISM material associated 
with dust lanes in the host galaxy of an AGN is a natural con- 
tributor to the observed DWAs. Cloudy models suggest that this 
gas, when illuminated by a toy AGN SED, can produce signifi- 
cant warm absorption (including a significant O vii edge) when 
placed ~150 pc from the AGN. This may be particularly rele- 
vant to MCG-6-30-15, where a dust lane does pass just below 
the nu cleus. Using Fig.[2and the plate scale from Mal kan et alJ 
( Il998l) . we can estimate the inner edge of the dust lane from 
the HST image. Interestingly, this is also of the order of 150- 
450 pc, assuming Hq - 50 km s"' Mpc"'. 




0.4 0^6 
Energy (keV) 

Fig. 3. The effe ct of grains on the transmitted spectrum (see 
also lKomossa & Bade 1998) . Both panels show the results of 
Cloudy models where the gas cloud was 150 pc from the AGN. 
The dashed curve shows the incident spectrum and the solid 
curve shows the transmitted spectrum. The positions of the C i, 
O I, Fe I, and O vii edges are indicated. Solar abundances were 
used for the dust-free model, except that the oxygen abundance 
was set to the F and G star value from iSofia & Meveri (.2OO1I) . 



It may be difficult applying this idea to other sources which 
harbor DWAs (e.g., IRAS 13349+2438). The dust lane in 
MCG-6-30-15 lies nearly along our line of sight and may be a 
relatively unusual alignment. Nevertheless, the strong ionizing 
power of an AGN will have a great impact on its local ISM. The 
observational consequences of these effects will depend both 
on th e viewing angle into the source ( Crenshaw & KraerneJ. 
I2OOII) and on the SED of the AGN. Indeed, if our line-of-sight 
into MCG-6-30-15 were slightly different and passed through 
the dust lane, rather than just above it, the obscuration could 
be high enough that the AGN would appear as a Seyfert 2 (see, 
e.g.. .Matl^.200d) . 

3. Dust Properties 

3.1. Composition 

As the EUV/soft X-ray opacity in the DWA is dominated by 
dust, the absorption properties depend on the grain composi- 
tion. The top panel of Fig. |3] shows the transmitted spectrum 
for the r = 150 pc mod el with Galactic silicate and graphite 
dust abundances (Mat his. Rumpl & Nordsiec'5 Il977l) . In the 
bottom panel, the spectrum is displayed for the case where 
the elements in the dust have been returned to the gas. We as- 
sun ied that the total (g|as + d ust) abundances are equal to so- 
lar 5998") except for O, for which we took 
0/H=4.45 X lO"'*, a value measured from local young F and 
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G stars dSofia&MeveiibOOl h. This oxygen abundance has the 
advantage that it does not require depletions greater than what 
can be accounted for by dust. The DWA model exhibits a C i 
edge at 0.28 keV of depth t = 0.62 from the graphite dust, an 
O I edge at 0.53 keV of depth t - 0.15, and an Fe i edge at 
0.72 keV of depth r - 0.09, both from the silicate dust. The 
dust-free model also shows absorption edges, the largest from 
O vii at 0.74 keV of depth r = 0.26. 

Unfortunately, the High Energy Transmission Gratings 
(HETG) Chandra spectra only extend to an energy of 0.45 keV, 
so we have no X-ray evidence for or against the presence 
of graphite; however the Low Energy Transmission Gratings 
(LETG) can reach these low energies although the instru- 
mental C edge will need to be well calibrated to measure 
the intrinsic edge due to graphite. The Reflection Grating 
Spectrometer (RGS) onboard XMM-Newton also does not go 
below 0.3 keV, although the low-resolution European Photon 
Imaging Cameras (EPIC) are able to do so. 

As mentioned in § ^ the strength of the measured Fe i 
edge from the Chandra observation of MCG-6-30-I5 implies 
A^Fei ~ 4 X 10'^ cm"^, consistent with the observed reddening 
for Galactic-type dust. If the Fe really is incorporated into sil- 
icate grains, then we expect A^oi > A^Fei, since a silicate struc- 
tural unit contains more O atoms than Fe atoms. For example, 
the Cloudy models discussed above assume a MgFeSi04 sto- 
ichiometry and predict an O i edge tha t is roughly the same 
depth as the Fe i edge. iLee et alJ ( 120021) claimed that silicates 
with an 0:Fe number ratio of 2: 1 rather than 4: 1 were con- 
sistent with the Chandra data, but also mentioned that the 
data were limited by statistics at the position of the O i edge. 
Therefore, if the silicate dust had an 0:Fe r atio of 4:1, i t could 
have been detected by Chandra. However. ISako et all (l2003l) 
quote an upper limit of A^oi = lO'^ cm"^ from their XMM- 
Newton RGS observation of MCG-6-30-15, which has higher 
signal-to-noise, but lower resolution, than the Chandra spec- 
trum. These authors also find A^pei = 7 x 10'^ cm"^ for the 
column of neutral iron, which implies a V-band optical depth 
of 0.07 (assuming a silicate grain radius of 0.1 jim). Therefore, 
this column could not account for the observed reddening of 
MCG-6-30-15, unless it is provided predominantly by iron- 
poor grains. 

Further constraints on the mineralogical structure of the 
dust can, in pr inciple, be provid ed by the detailed structure of 
the Fe i edge. iLee et all ( l200ll) found that the edge structure 
in MCG-6-3 0-15 matches very well that found in Cyg X-1. 
ISchulz et al.l ^2002) showed that the Cyg X-1 edge could be 
fairly accurately reproduced if th e Fe resides in pure Fe g rains 
(taking experimental data from Kortright & Kim 2000 1), but 
not if the Fe is in oxides (taking data from Crocombette et alJ 
Il995h . A measurement of the oxygen column in the dust could 
not be made for Cyg X-1, as the large O i edge (t > 2) 
was dominated by neutral oxyge n in the ISM along the line- 
of- sight. Therefore, ISchulzetalJ ll2002ll concluded that pure 
iron grains were most consistent with the data, and iLee et alJ 
(2001) present this as a possibility for the dust in MCG-6- 
30-15. However, for Cyg X-1 metallic Fe dust is probably 
ruled out since it would produce excessive thermal magnetic 
dipole emission at 90 GHz tPraine & LazariarL.1999.) . Draine 



& Lazarian suggest that at most ~5% of the Galactic interstel- 
lar Fe can be in metallic iron grains. Thus, it seems unlikely 
that there is a significant column of metallic iron grains toward 
Cyg X-1. Although we have not performed a detailed spectral 
fitting, it appears that the observed edge structure in Cyg X-1 
could be due to Fe in silicates, based on the spectrum of an 
olivine sample from iGloter et alJ ( I2OOO.) . 

The above argument cannot be directly applied to MCG-6- 
30-15 as there are no microwave observations of this galaxy, so 
the key to uncovering the dust composition in the DWA is an 
accurate measurement of other edges such as O i, C i, or Si i 
at 1.85 keV (rsi i < 0.01 in the Cloudy models). The Chandra 
data may imply wustite (FeO) or hematite (ci'Fe203) dust, but 
the XMM-Newton limit bv Sako et aL (.2003.) points to httle or 
no oxygen in the grains. 

Perhaps the lack of O i can be explained by selective de- 
struction of O-bearing grains (e.g., silicates). Depletion pat- 
terns in the Galaxy suggest that Fe and Si are incorporated 
into different dust populations, with the Fe-bearing component 
signific antly lo nger-lived than the Si-bearing component (e.g., 
Tielen1. ll998l) . If the dust in the DWA in MCG-6-30-15 were 
subjected to repeated episodes of destruction (in shocks) and 
re-growth, then the Si-bearing dust component could be largely 
removed while the Fe-bearing component remains largely in- 
tact. Such a process would lead to a reduced E(B - V)/Nh- 
However, the metallicity at r ~ 150 pc from the nucleus 
of MCG-6-30-15 is probably higher than at the location of 
the Sun in the Galaxy, so that E{B - V)/Nh in the DWA in 
this scenario could be comparable to its value in the local 
ISM of the Galaxy. One potential difficulty for this scenario 
(and for silicate dust models in general) is that the destruc- 
tion timescale inferred by .Tielens. (,1998,,) for the Si-bearing 
dust is subs t antiall y shorter than predicted for silicate grains 
('.Tone s et al.[ 11996*). Counter-intuitively, Jones et al. also find 
the lifetime of pure Fe dust to be shorter than the lifetimes 
of graphite or silicate dust, bec ause Fe grains are accelerated 
to higher speeds in the shock. IWeingartner & Draind (Il999l) 
suggested the Fe may largely be incorporated into the car- 
bonaceous dust population rather than the silicate component. 
In this picture, gas-phase Fe atoms rapidly accrete onto poly- 
cylic aromatic hydrocarbon molecules, forming organometal- 
lic "sandwich" molecules, which may ultimately coagulate to 
form larger grains. Laboratory Fe L-edge spectra of such com- 
pounds would be very useful. 

3.2. Other implications 

The Chandra data also place a constraint on the inner warm ab- 
sorbing gas which is responsible for the O 8 edge in the ASCA 
data. F rom the depth of the high-ionization absorption lines, 
iLee et al. (2002) found A^h ~ 10^^ cm"^ for this material. If the 
Fe I edge observation were not available one might argue that 
the inner absorber contains large grains that do not redden the 
optical nuclear emission. However, since all of the neutral Fe 
can be accounted for by the outer absorber, no such Fe-bearing 
grains exist in the inner absorber, suggesting that the inner ab- 
sorber is dust-free. This, in turn, suggests than the inner ab- 
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sorber is located within the dust sublimation radius, unless an 
alternative mechanism can be found for depleting the gas of 
dust at larger distances. 

Indeed, if grains are to be found close to the central engine 
of an AGN, they must be shielded from the outpouring radia- 
tion. The rad iation pressure opacity of dust is ~ lO-' times that 
of electrons iLaor & DraineL Il99 3^. so within a certain radius 
the dust will see a significantly super-Eddington source. The 
gravitational and radiation forces will balance when the dust 
particle is outside a mass ~ IOOOMbh, where Mbh is the black 
hole mass of the AGN. As an example, the i nner velocity pro- 
files of SO galaxies are a pproximately linear jSeifert & Scorzal 
ll996HLoyer et all 1 1998 ). implying that M(r) oc r'. Thus, if at 
r = 1 pc M{r) - Mbh, then the balancing radius for the dust 
will be ~10 pc, independent of the black hole mass. Therefore, 
if a DWA is at 150 pc it will not feel a significant radiation 
force, and should not have a large outflow velocity. In the case 

of MCG-6-30-15, this is consistent with the preliminary re- 

I 1 1 — — I 

suits from the Chandra data (!Lee et al.', '2001, 2002), and the 

low velocity component inferred by Sako et al. ( 2003.) from the 
XMM-Newton spectrum. 

4. Summary 

The DWA in MCG-6-30-15 has been the subject of two dif- 
ferent X-ray gratings observations, but the interpretation of 
the spectra has been co ntroversial ( Branduardi-Raymont et al., 
I2OOU iLee et all I2OOII) . However, the optical/UV reddening 
requires dust along the line-of-sight to the AGN. This dust 
will imprint observable Fe, C, O and Si edges on an X-ray 
spectrum, and indeed an F e i edge was likely d etected in the 
Chan dra jLee et all \2X)0ti and XMM-Newton jTurner et all 
I2OO3I) data. The gas associated with this dust has a column of 
a few times 10^' cm"^ and may be responsible for much of the 
low-ionization component of the warm absorber in MCG-6- 
30-15 (that is, it produces the O vii edge). 

Motivated by the the dust lane seen in the HST image of 
MCG-6-30-15, we have argued in this paper that DWAs may 
reside in the ISM of the host galaxy. Photoionization model- 
ing shows that a detectable O vii edge can be produced by 
such material if it is placed 100-200 pc away from the AGN 
and therefore can contribute to the warm absorption features. 
Furthermore, the dust contained within this gas is dynamically 
and thermally stable and can account for any observed redden- 
ing. Supporting evidence for this interpretation for MCG-6- 
30-15 is given by the very small outflow velocity of the low 
ionization absorption lines, the observed constancy of the O vii 
edge, and the additional absorption required at low energies. 

The composition of the dust in DWAs may be constrained 
by the relative strength of the Fe i and O i edges, or by the 
detailed structure around the Fe i edge, as was done in Cyg X- 
1. The present MCG-6-30-15 data is consistent with silicate 
dust having a 0:Fe ratio of 2:1 or less, which could result from 
a process of repeated grain destruction and growth in the ISM. 
The presence of pure iron grains seems unlikely given the Umit 
on their abundance from our own Galaxy. High signal-to-noise 
data around the O i edge, or a measurement of the C i edge, is 



needed to fully exploit the observations in determining the dust 
composition in distant AGN. 
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